The influence of phenylalanine as a dispersant on the viscoelastic properties of alumina suspensions at pH 7.0 was examined in the temperature range from 100°C to +100°C. Only a small amount of phenylalanine, with both NH 3 + and COO groups present in each molecule, was adsorbed onto the positively charged alumina surfaces at room temperature. The peaks of the storage modulus and loss tangent, which were associated with the colloidal phase transition from a dispersed state to a flocculated state, were observed in 10 vol % suspensions in 3962°C temperature range. The addition of a small amount phenylalanine enhanced the dispersibility of alumina particles and suppressed the colloidal phase transition. In the concentrated 2030 vol % alumina suspensions containing phenylalanine, no phase transition was evident in the storage modulus or loss tangent measurements of the suspension upon heating. The addition of phenylalanine to the concentrated suspensions drastically reduced the apparent viscosity at room temperature.
Introduction
Colloidal processing effectively improves the microstructure of advanced ceramics through dispersion of starting particles in a liquid medium and subsequent consolidation using a gypsum mold, pressure filtration, or doctor blade method. Colloidal suspensions provide several types of viscoelastic properties, depending on the surface potential of the particles, solid content, particle size, applied electric field, and the applied pressure.
1)10) In addition to these factors, we have recently reported the phase transition of a colloidal suspension from a dispersed state to a flocculated state upon heating to 3051°C. 11) At room temperature and a high applied pressure owing to the effective electrosteric repulsive energy, the addition of a polyelectrolyte to a colloidal suspension suppressed the colloidal phase transition from a dispersed state to a flocculated state.
3),4),12) Touaiti et al. 13) investigated the influence of a copolymer polyelectrolyte dispersant on the viscoelastic properties of a pigment (CaCO 3 ) coated by styrene acrylate latex and styrene butadiene latex. They evaluated the material stiffness and damping properties via the storage modulus and loss tangent, respectively. The interaction between the dispersant molecules and the latex chains suppressed the decrease in the storage modulus of the pigment at the glass transition temperature of the latex. Xu et al. 14) investigated the rheological properties of a SiCY 2 O 3 Al 2 O 3 suspension with a dispersant (polyester/polyamine condensed polymer) in methyl ethyl ketone/ethanol solvent to develop a novel near-net-shape-forming method. The gelation behavior was analyzed by the change in storage modulus upon cooling of the suspension. The viscosity and elastic modulus of the suspensions became more sensitive to temperature when the solid loading was increased. However, the literature contains few papers detailing the investigations of the temperature effects on the dispersibility of colloidal suspensions in the presence of a dispersant. In this paper, the viscoelastic properties of a colloidal alumina suspension containing a lowmolecular-weight dispersant (phenylalanine) 15)17) were studied in the temperature range from 100°C to +100°C under atmospheric pressure.
Experimental procedure
High-purity alpha-alumina powder (Al 2 O 3 purity >99.99 mass %, median size 310 nm, specific surface area 10.2 m 2 /g, Sumitomo Chemical Co. Ltd., Tokyo, Japan) with an isoelectric point pH 8.7 was dispersed in double-distilled water to prepare 10, 20, and 30 vol % solid suspensions with pH 7.0. L-Phenylalanine [C 6 H 5 CH 2 CH(NH 2 )COOH, molecular weight 165.19, solubility in water 29.6 g/L at 25°C, purity 99.0 mass %, Wako Pure Chemical Industries, Tokyo, Japan] was used as a dispersant. After the 1030 vol % alumina particle suspensions were stirred for 24 h, their dynamic viscoelastic properties (storage modulus and loss tangent) were measured using a dynamic mechanical analyzer (DMA 8000, Perkin Elmer, MA, USA). The container was clamped in the dynamic mechanical analyzer to measure the dynamic viscoelastic properties using a singlecantilever-configuration method (dynamic displacement 0.05 mm, applied frequency 1 Hz). The viscoelastic measurements were performed in a temperature range from 100°C to +100°C with the heating rate of 2°C/min. The particle size distributions in a dilute alumina suspension at 3065°C were measured using a centrifugal particle size analyzer (CAPA-700, Horiba Ltd., Kyoto, Japan). The colloidal alumina suspension containing phenylalanine was filtered through four membrane sheets with 100 nm pores. The filtered powder was dried at 100°C for 24 h, and the weight loss of the dried powder was measured using a thermogravimetric/differential thermal analyzer (TG/DTA) (Thermoplus, Rigaku, Tokyo, Japan) at a heating rate of 5°C/min up to 800°C in air. The amount of phenylalanine adsorbed was determined from the weight loss based on the decomposition behavior of phenylalanine.
Results and discussion 3.1 Adsorption of phenylalanine onto alumina surfaces
The dissociation constant (pK) for phenylalanine is as follows:
At pH 7.0, each phenylalanine molecule contains both an NH 3 + group and a COO group. However, the isoelectric point of alumina particles in a 0.001 M NH 4 NO 3 solution occurs at pH 8.7, 18) and the alumina surface is positively charged at pH 7.0. The COO group of phenylalanine is attracted to the AlOH 2 + sites on the alumina surface. Figure 1 shows the TG curves for phenylalanine and alumina particles separated from suspensions containing 01 mass % phenylalanine at pH 7.0. Phenylalanine exhibited a drastic weight loss due to its partial decomposition at 200°C and was completely decomposed by 500°C. The gradual small weight loss during heating between 100°C and 800°C for the monolithic alumina particles treated in an aqueous solution at pH 7.0 reflects the evaporation of water chemically adsorbed onto the particle surfaces. The TG curves for the phenylalanineadsorbed alumina particles showed the thermal behavior of both phenylalanine and the monolithic alumina particles. The small weight loss measured at temperatures below 100°C was due to the evaporation of water adsorbed onto the alumina surfaces, evident from the TG curve for alumina particles without phenylalanine. The amount of phenylalanine adsorbed onto the alumina particles was determined by the difference between the weight loss exhibited by monolithic alumina particles and that exhibited by alumina particles treated in the phenylalanine solution. Figure 2 plots the amount of phenylalanine adsorbed on the positively charged alumina surfaces. Only a small amount of phenylalanine was adsorbed onto the alumina surface. We previously reported the adsorption of polyacrylic acid (PAA) onto alumina or SiC surfaces over a wide pH range of 3.19.1.
19),20)
The amount of PAA adsorbed at room temperature increased with increasing amount of PAA added and reached a constant value, indicating the saturation point for PAA adsorption (Stern model). 21) However, the adsorption behavior of phenylalanine differed from that of PAA, suggesting that the charged, lowmolecular-weight phenylalanine is uniformly distributed in an aqueous solution or is attracted to positively charged alumina surfaces in an electric double layer through the electrostatic interaction between the COO group of phenylalanine and the Al OH 2 + sites on the alumina surface (GouyChapman model). 21) This type of interaction between the alumina surface and phenylalanine is similar to that of an electrolyte such as NaCl and the alumina surface, where the electrolyte is not adsorbed onto the alumina surface because of the small adsorption energy; i.e., only a small amount of charged, low-molecular-weight phenylalanine is adsorbed onto the charged alumina surfaces. Figure 3 shows the influence of phenylalanine on the storage modulus and loss tangent of 10 vol % alumina suspensions at pH 7.0. The shift of the melting point of colloidal ice to a temperature greater than 0°C was observed with the addition of phenylalanine, which is represented by T 1 in Fig. 3(B) . The appearance Fig. 1 . Weight loss of (a) phenylalanine and (bf ) alumina particles separated from aqueous suspensions containing 01 mass % phenylalanine at pH 7.0. Fig. 2 . Relation between the amounts of phenylalanine added and the amounts adsorbed in alumina suspensions at pH 7.0.
Viscoelastic properties of 10 vol % alumina suspensions
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JCS-Japan of new peaks in the storage modulus and loss tangent curves, as represented by T 2 in Fig. 3(B) , were also observed in the 10 vol % alumina suspensions with 0.32.0 mass % of phenylalanine. In the suspension with a zeta potential at pH 7.0 (26.8 mV), two types of solid ice are expected: (1) the solid ice formed from free bulk solution (with a melting point of 0°C) and (2) the solid ice formed from the solution trapped in flocculated particle clusters (with a melting point of 12°C). The H 2 O molecules strongly bonded in the narrow space among flocculated alumina particles at temperatures less than 0°C require a higher temperature to melt. In addition, the storage modulus and loss tangent peaks [noted as T 2°C in Fig. 3(B) ] were measured in the temperature range of 3962°C; these peaks are associated with the colloidal phase transition from a dispersed suspension to a flocculated suspension and depend on the amount of phenylalanine added.
11) The T 2 values for suspensions containing phenylalanine were greater than the T 2 value for the suspension without phenylalanine. Figure 4 shows the melting point (T 1 ) and the phase transition temperature (T 2 ) as functions of the amount of phenylalanine added. The T 1 and T 2 values exhibited minimum and maximum temperatures, respectively, at 0.3 mg/m 2 -Al 2 O 3 of phenylalanine added. This result suggests that the addition of a small amount of charged phenylalanine enhances the dispersibility of alumina particles and suppresses the phase transition to a flocculated state. That is, the free, low-molecular-weight dispersant phenylalanine disperses submicrometer-sized alumina particles as effectively as the adsorbed, high-molecular-weight dispersant PAA. Figure 5 shows the particle size distributions of alumina clusters in the presence of 0.32.0 mass % phenylalanine below and above the peak temperature of the loss tangent. The fraction of alumina particles at 300 nm decreased as heating temperature of the suspension increased, and this tendency was greater for the suspension that contained 2.0 mass % phenylalanine than for the suspension that contained 0.3 mass % or 0.5 mass % phenylalanine. Furthermore, the fraction of alumina particles smaller than 200 nm [Figs. 5(b) and 5(c)] increased with heating temperature of the suspension. On the basis of the measured results in Fig. 5 , we proposed a structural model of alumina particles with (a) 0.3 mass % and (b) 2.0 mass % phenylalanine at the T 2 temperature, as presented schematically in Fig. 6 . The COO group of phenylalanine in Fig. 6(a) is attracted to the AlOH 2 + sites on the alumina surfaces, accelerating the dispersion of alumina particles due to the electrostatic repulsive forces between the NH 3 + groups of phenylalanine [ Fig. 5(a) ]. The addition of excess phenylalanine, as shown in Fig. 6(b) , induces bridging through the electrostatic attraction between the COO group and NH 3 + group of phenylalanine, thereby leading to the formation of particle clusters, as shown in Fig. 5(c) . The structure model in Fig. 6(b) is similar to the hydrogen bonding in water. Figure 7 shows the influence of the solid content on the viscoelastic properties of alumina suspensions with 2 mass % phenylalanine (1.90 mg/m 2 -alumina particles) at pH 7.0. In the suspensions of 2030 vol % alumina, the shift of T 1 to a higher temperature and the appearance of a T 2 value were not observed. However, in a well dispersed alumina suspension at pH 3.0 (zeta potential 39.5 mV) 11) and the case of the suspension with a solid content of 20 vol %, a phase transition from dispersed to flocculated particles was still measured. The increased solid content decreases the distance between particles and increases the possibility of flocculation at pH 7.0. The drastic increase in the storage modulus at temperatures less than 0°C reflects the solidification of free solutions, such as distilled water. The addition of phenylalanine in the concentrated suspensions containing 20 25 vol % solid resulted in the effective formation of a dispersed colloidal suspension, where no T 2 temperatures were measured. An increase of the solid content to 30 vol % reduced the difference between storage moduli below and above 0°C. This result indicates that the phase transition of the solution in the concentrated colloidal suspension does not strongly influence the structure of colloidal alumina particles during cooling. Figure 8 shows the shear stressshear rate relation of 30 vol % alumina suspensions with 02.0 mass % phenylalanine at pH 7.0 at room temperature. As evident in Fig. 8 , the addition of phenylalanine drastically decreased the apparent viscosity and produced the fluid suspensions at room temperature. Phenylalanine, as a lowmolecular-weight dispersant, effectively disperses the submicrometer-sized alumina particles. When a shear stress is applied to the alumina suspension containing phenylalanine, the weak electrostatic interactions represented in Figs. 6(a) and 6(b) could be destroyed. However, the charged phenylalanine in the aqueous solution sterically prevents the direct collision between the charged alumina particles, resulting in the dispersed state.
22)
Viscoelastic properties of concentrated alumina suspensions
Conclusions
Only a small amount of phenylalanine with both NH 3 + and COO groups present in each molecule at pH 7.0 was adsorbed onto positively charged alumina surfaces. However, the addition of a small amount of charged phenylalanine enhanced the dispersibility of alumina particles (10 vol % solid) and suppressed the phase transition to a flocculated state induced by heating. In the concentrated 2030 vol % alumina suspensions containing phenylalanine, a phase transition to a flocculated state upon heating was not observed in the storage modulus and loss tangent measurements of the alumina suspension. The addition of phenylalanine to the concentrated suspension effectively reduced the apparent viscosity at room temperature and resulted in a liquidlike suspension. Journal of the Ceramic Society of Japan 122 [8] 586-590 2014
